Abstract. Recent advances in molecular biology have led to the investigation of the molecular mechanism by which chemicals such as odors and tastants are perceived by specific chemosensory organs. For example, G protein-coupled receptors expressed within the nasal epithelium and taste receptors in the oral cavity have been identified as odorant and taste receptors, respectively. However, there is much evidence to indicate that these chemosensory receptors are not restricted to primary chemosensory cells; they are also expressed and have function in other cells such as those in the airways and gastrointestinal (GI) tract. This short review describes the possible mechanisms by which taste signal transduction occurs in the oral cavity and tastants/nutrients are sensed in the GI tract by taste-like cells, mainly enteroendocrine and brush cells. Furthermore, it discusses the future perspectives of chemosensory studies.
Introduction
During the course of evolution, multiple ways to efficiently detect nutrients evolved for the utilization of energy and avoidance of poisons. Two major systems involved in the detection of such compounds are the gustatory and gastrointestinal (GI) sensory systems. Because of these sensory systems, we are able to seek nutritive foods and avoid ingestion of poisonous chemicals.
The taste system and cell types
The taste system is a chemical detection system in the oral cavity, mainly on the tongue. It senses chemicals with taste. A single taste bud contains 50 -100 taste cells that detect sugars, amino acids, poisons, acids, and minerals. These tastants are usually cues for sweet, umami, bitter, sour, and salty tastes, respectively. These five taste qualities are called basic tastes because each of them has an individual taste and are believed to be detected by different taste cells and gustatory nerves. Historically, taste cells have been assorted into three groups on the basis of their morphological phenotypes: type I, II, and III cells or dark, light, and intermediate cells (1) (Fig. 1) .
These morphological differences correlate with the functional differences of each cell type, therefore reflecting uniqueness in protein expression of each cell type.
The most well-studied taste cells are type II taste cells 
Taste signaling pathway in type II taste cells
The molecular mechanisms by which taste cells detect tastants and activate intracellular signaling cascades eventually leading to depolarization have been intensively studied during the past two decades. It was the discovery of the type II taste cell-specific G protein α-gustducin that provided a molecular tool to analyze taste signal transduction (8) . Mice without α-gustducin are deficient in detecting both sweet and bitter compounds, suggesting that this receptor is a GPCR (9) . In the 2000s, GPCRs for bitter, umami, and sweet tastes were finally discovered, and this accelerated the speed of signal transduction studies involving type II taste cells. Bitter taste receptors, taste receptor type 2 (T2Rs), were the first to be identified as taste receptors among five distinctive tastes (10) . To date, about 25 T2R family genes have been identified in the human genome and more than half of them are deorphanized (11) . For umami and sweet perception, taste receptors type 1 (T1R1), T1R2, and T1R3 form functional taste receptors by heterodimerization. T1R1 and T1R3 form a complex to act as an umami taste receptor, whereas T1R2 and T1R3 form a complex to act as a sweet taste receptor (12) . Although T2R, T1R1/T1R3, and T1R2/T1R3 taste receptors are expressed in different subsets of type II taste cells and elicit different taste qualities, each signaling cascade seems to be quite similar among these three cell types. When the tastant binds to either receptor, a conformational change occurs at the receptor level resulting in the activation of a series of signal transducers such as G protein α-gustducin, phospholipase C-beta 2 (PLCβ2), inositol 1,4,5-trisphosphate receptor type 3 (IP3R3), and transient receptor potential (TRP) channels that eventually depolarize the cell (Fig. 2, left panel) . These facts were clearly demonstrated by genetically engineered mice in which these transducers were ablated, suggesting that type II taste cell specificity is determined by the receptor (12) . After type II cells are activated by taste stimuli, they release ATP, which acts as a neurotransmitter to bring taste information to the gustatory nerve innervating taste buds (13) . Several reports are available about how ATP is stored and released from taste cells (14, 15) .
Taste signaling components in the GI tract
After the discovery of signal transducers in taste cells, researchers found that taste signaling components are also expressed in the GI tract. The early discovery of α-gustducin, which was expressed in the stomach, pancreatic cells, and enteroendocrine cell lines, indicated that a similar taste system, if not the same, may reside in the GI tract (16, 17) . In addition, T2R bitter taste receptors have been identified in the stomach and enteroendocrine cells (18) . These studies suggest that the T2R bitter taste receptor may be coupled to α-gustducin by a similar mechanism as taste cells, although a direct interaction between these two molecules could not be examined because of technical difficulties in detecting T2R proteins.
Other than the T2R bitter taste receptors, multiple reports have shown that umami and sweet taste receptors (T1R1, T1R2, and T1R3) with their signal transducers are found in the GI tract (19, 20) . Jang et al. showed that the sweet taste receptor complex T1R2/T1R3 expressed in intestinal enteroendocrine cells functions to sense sugars to maintain glucose blood levels through the secretion of glucagon-like peptide-1 (GLP-1) (21) . This report explained the mechanism underlying the "incretin effect" because GLP-1 is an incretin that aids in elevating insulin levels on exposure to sugar stimuli (22) . Not only sweet receptors but also putative umami receptors are suggested to be expressed and function in the GI tract (23) . Taken together, it has been suggested that taste-like cells in the GI tract utilize the same signal transmission system to distribute nutrition information to the vagus nerve (Fig. 2, right panel) (24) . Similar to the taste system, it is well known that the vagus nerve transmits nutrient signals from the GI tract to the central nervous system (Fig. 3) .
Brush cells: another taste-like cell in the GI tract
Besides enteroendocrine cells, there are less characterized taste-like cells which are named "brush cells" in the GI tract. Brush cells, also called tuft, fibrillovascular, or caveolated cells, have an elongated soma with a basolat-eral rootlet and an apical tuft of microvilli that extends into the lumen. They are found not only in the GI tract but also in the lung, pancreas, and respiratory tract (25) . As illustrated in Fig. 3 , brush cells in the GI tract are morphologically different from typical enteroendocrine cells which have an elongated pyramidal shape and have the ability to secrete GLP-1, peptide YY (PYY), and other endocrine hormones on exposure to taste stimuli (21, 26) . Based on immunohistochemical analysis, α-gustducin is expressed throughout the surface epithelium in the brush cells of the gut (16, 27) . Moreover, most of the intestinal TRP channel M5 (TRPM5)-expressing cells have been reported to be brush cells, and they appear to be different from enteroendocrine cells (28) . Brush cells appear not to be colocalized with cells secreting endocrine hormones such as ghrelin, gastrin, histamine, and 5-HT, although α-gustducin-positive cells are expressed near enteroendocrine cells (27) . Despite that brush cells in the GI tract share common characteristics with taste cells in the oral cavity and are assumed to share a similar chemosensory function, very little is known about their function.
Possible role of brush cells in the GI tract
Brush cells are similar to type II taste cells because they express α-gustducin and TRPM5 ion channels, both of which are necessary for detecting bitter and sweet tastes (9, 29) . Because the sweet taste receptor complex T1R2/T1R3 is selectively expressed in the enteroendocrine cells of the GI tract (19, 21) , brush cells may have a different role other than detecting sweet taste. Several studies have suggested the function of brush cells. Kokrashvili et al. reported that TRPM5-labeled cells in the duodenum express endogenous opioids that are secreted into the intestinal lumen in response to dietary factors (30). Hass et al. reported that brush cells in the stomach express T1R3 and ghrelin, indicating that these cells may play a role in food intake by regulating ghrelin secretion (31) . Another study reported that ghrelin secretion is regulated in the brush cells of the stomach through bitter taste receptors and α-gustducin, eventually controlling food intake and gastric emptying (32) . Although these studies argue with the previous finding that TRPM5-expressing brush cells are generally different from enteroendocrine cells (28) , brush cells may play a role in chemosensation of tastants/nutrients.
Bitter signal transduction in the GI tract and airway cells
In the taste system, particularly at the back of the tongue where circumvallate papillae reside, umami and sweet taste receptors (T1R1 and T1R2) generally do not colocalize with α-gustducin but T2Rs often do (33), suggesting that α-gustducin functions to transduce bitter taste signals. This observation is consistent with a previous finding that α-gustducin-deficient animals lose their ability to detect bitter and sweet compounds (9). As previously described, bitter taste signaling molecules are also expressed in the GI tract. Recently, using intragastric administration of bitter substances, Hao et al. showed that bitter taste signals are detected by the GI tract and transmitted through the vagal nerve (34) . Another study reported that a bitter ligand directly administered into the gut can condition a flavor aversion and delay gastric emptying (35) . These physiological and behavioral studies demonstrated that a bitter taste signaling system exists in the GI tract, although the exact cell type that expresses bitter taste signaling components, including T2Rs, is yet to be identified, probably because there are no good means to detect low expression of these receptors.
Other than the taste and GI systems, new studies recently examined the presence of bitter taste signaling pathways and their effects in the airway (36 -38).
Krasteva et al. reported that brush cells in the airway express bitter taste receptors and their downstream signaling molecules such as α-gustducin and PLCβ2 together with acetylcholine synthase (39) . Furthermore, the study demonstrated that activation by a bitter substance releases acetylcholine, which eventually decreases the respiratory rate, indicating a biological function of a bitter substance through brush cells.
Perspective: future chemosensory studies of the GI tract
How tastants/nutrients are sensed by the GI tract has become one of the major topics in chemical senses. Because identification of chemosensory cells was initiated by searching for cells histologically resembling taste cells in the oral epithelium, Fujita has determined that enteroendocrine cells are primary chemosensory cells (40) . More recently, researchers compared expression of the molecules critical for chemosensation between taste cells and taste-like cells in the GI tract (24) . The gut Table 1 summarizes characteristics and similarities of taste cells in the oral cavity, taste-like cells in the GI tract, and brush cells in the airway system.
There are regional differences in the expression of taste signaling molecules that determine the specificity and sensitivity to chemicals. At present, very little information is available to define which region to be more effective in taste/nutrient sensing. We speculate that sweeteners are not sensed by the stomach since we failed to detect T1R2 expression using T1R2-LacZ knock-in mice (19) . On the other hand, we have observed activation of afferent fibers of the gastric branch by intragastric infusion of glutamate, indicating that umami sensors reside in the stomach (41) . Therefore, detection of sweeteners by taste-like cells is presumably intestinal, while umami compounds may be both gastric and intestinal.
There seem to be other sensory systems to affect food intake that do not act through taste-like mechanisms in the GI tract. Using a conditioned flavor preference method, it is well documented that preference to food can be conditioned with a cue flavor paired with a nutritive solution but not with a non-nutritive solution (42, 43) . This conditioning was observed even after the components of taste receptor signaling cascades were genetically ablated (44, 45) , suggesting that sensing systems other than the taste-like system may exist.
The study of chemosensation in the GI system has just begun. By better understanding the regulation of nutrient sensing, we may be able to more effectively control food intake. The knowledge gained from these studies will provide the foundation for the future to treat not only metabolic syndrome but also malnutrition. 
